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Abstract 
We report on atomic-scale analyses using high-resolution scanning transmission electron microscopy 
(HR-STEM), atom-probe tomography (APT), and first-principles calculations to study grain-boundary 
(GB) segregation behavior of Nb3Sn coatings on Nb, prepared by a vapor-diffusion process for 
superconducting radiofrequency (SRF) cavity applications. The results reveal Sn segregation at GBs of 
some Nb3Sn coatings, with a Gibbsian interfacial excess of ~10-20 Sn atoms/nm
2
. The interfacial width of 
Sn segregation at a GB is ~3 nm, with a maximum concentration of ~35 at.%. HR-STEM imaging of a 
selected [12̅0] tilt GB displays a periodic array of the structural unit at the core of the GB, and first-
principle calculations for the GB implies that excess Sn in bulk Nb3Sn may segregate preferentially at 
GBs to reduce total internal energy. The amount of Sn segregation is correlated with two factors: (i) Sn 
supply; and (ii) the temperatures of the Nb substrate and Sn source, which may affect the overall kinetics 
including GB diffusion of Sn and Nb, and the interfacial reaction at Nb3Sn/Nb interfaces. An 
investigation of the correlation between the chemistry of GBs and Nb3Sn SRF cavity performance reveals 
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no significant Sn segregation at GBs of high-performance Nb3Sn SRF cavities, indicating possible effects 
of GB segregation on the quality (Q0) factor of Nb3Sn SRF cavities. Our results suggest that the chemistry 
of GBs of Nb3Sn coatings for SRF cavities can be controlled by grain-boundary engineering, and can be 
used to direct fabrication of high-quality Nb3Sn coatings for SRF cavities.  
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1. Introduction 
Significant progress has recently been made towards the application of Nb3Sn films for superconducting 
radio frequency (SRF) cavities for particle-accelerator applications [1, 2]. Nb3Sn has an A15 structure and 
high-quality thin (~2-3 m) Nb3Sn films were successfully created on the surfaces of niobium (Nb) 
cavities by employing the Sn vapor-diffusion process. With the substantially higher critical temperature 
(Tc ~18 K) of Nb3Sn compared to Nb [3-5], 1.3 GHz SRF cavities demonstrated a Q0 (quality)-factor of 
~10
10
 at 4.2 K, where Q0-factor is defined by the geometric factor (G) over the surface resistance (Rs) of a 
cavity as G/Rs, at useful accelerating fields; a value much higher than has been previously achieved with 
Nb SRF cavities under the same conditions (frequency, temperature, etc.) [6-8]. 
The performance of these Nb3Sn cavities has, however, so far been limited to an accelerating field of 14-
17 MV/m, which corresponds to a peak surface magnetic field of ~ 70 mT. In some cases, cavities 
displayed a significant Q0-slope (a degradation of the quality factor with increasing field) starting from ~8 
MV/m. The corresponding surface magnetic field is significantly lower than the theoretical superheating 
field of Nb3Sn, Hsh ~400 mT, predicted on the basis of the RF superconductivity of an ideal surface [1, 9, 
10]. This RF degradation is thought to be caused by defects in the surface layer of the Nb3Sn coating on 
the Nb cavity [2]. 
The coherence length () of Nb3Sn is significantly shorter than metallic Nb ((Nb3Sn) ~3 nm vs (Nb) 
~50 nm) [1, 8, 11], potentially making Nb3Sn more vulnerable to small scale defects in the Nb3Sn layer. 
Several studies [12-15] have been performed to investigate the structural defects in Nb3Sn coatings, such 
as abnormally thin-grains, compositional variations, and Sn-deficient Nb3Sn phases [1, 8, 12], which may 
be responsible for the Q0-slope and quenching, which is a loss of superconductivity. Orientation 
relationships between Nb substrates and Nb3Sn films were measured and the Nb3Sn/Nb heterophase 
interfaces are demonstrated to play a critical role in the formation of thin-grains and Sn-deficient regions 
[15]. Another candidate for causing degradation of the superconducting properties of Nb3Sn SRF cavities 
is grain-boundaries (GBs).  
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In superconducting magnets, defects are purposely engineered into the Nb3Sn wires at GBs. Impurities, 
such as normal conducting copper [16] or insulating oxides [17, 18] may be added to degrade locally the 
superconducting properties (e.g., superconducting order-parameter and superconducting energy gap [11, 
19]) associated with the GBs, which may create an energetically favorable volume for vortices, where 
they become pinned. In contrast, the magnetic-field direction in SRF cavities changes on a nanosecond 
time-scale, leading to significant dissipation of heat and a corresponding decrease in the quality factor if 
the flux penetrates into the superconductor (including penetration into the GBs) [20]. The potential 
importance of GBs in Nb3Sn SRF cavities has been discussed extensively [3, 8, 10, 21, 22], but the 
structure and chemistries of GBs of Nb3Sn prepared by the vapor-diffusion process for SRF cavity 
applications are unknown, and, therefore, the level of vulnerability of GBs remains unclear.  
 GB engineering of structures and chemistries of Nb3Sn GBs provide potential opportunities to improve 
the superconducting properties of Nb3Sn SRF cavities [23-26]. The control of GB segregation has drawn 
interest scientifically and for practical applications as it affects the physical properties of alloys and 
eventually provides a way to design materials with desired physical and mechanical properties [27-30]. 
Especially for ordered alloys, such as Ni3Al [28, 31], Ni3Si [32], and CoAl [33], the composition is 
critical for segregation behavior at GBs, as the stoichiometry away from the ideal composition of the 
alloys generates anti-site defects, which tend to segregate at GBs to reduce the total internal energy [28, 
32]. Therefore, this may provide more opportunities for controlling the chemistry of GBs in ordered alloy 
systems like Nb3Sn under non-equilibrium vapor-diffusion condition. Clarification of this problem 
provides the motivation for our current studies.  
Herein, we report the results of atomic-scale analyses of the chemistry and structure of GBs using high-
resolution scanning transmission electron microscopy (HR-STEM) and atom-probe tomography (APT). 
The amount of Sn segregation at the GBs and their five macroscopic degrees of freedom (DOFs) of some 
of the GBs were systematically analyzed. A value of 10-20 atoms/nm
2
 of Gibbsian interfacial Sn excesses 
were observed in some GBs with an ~3 nm width and an ~35 at.% of maximum Sn concentration, where 
the width of Sn segregation at a GB is defined by the full width of Sn segregated zone at a GB assuming 
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the concentration profile of Sn across a GB follows a Gaussian function. The level of Sn segregation is 
related to two growth-parameters: (i) Sn supply; and (ii) the temperatures of the Nb substrate and Sn 
source, which may affect GB diffusion of Sn and the interfacial reaction between Sn and Nb at Nb3Sn/Nb 
interfaces. The level of Sn segregation is the result of a series of kinetic processes. Our results 
demonstrate that the chemistry of GBs can be controlled by the Sn supply and the temperatures of the Nb 
substrates and Sn sources and that high-performance Nb3Sn cavities are prepared by optimizing the 
growth processes. 
 
2. Methodologies 
2.1. Experimental procedure 
The Sn vapor-diffusion process was utilized to coat Nb substrates—either disk-shaped coupons (a 
diameter of 10 mm and a thickness of 3 mm) or the inner surface of 1.3 GHz cavities — with Nb3Sn films 
[1, 3, 8]. Niobium substrates, a Sn source, and a SnCl2 nucleating agent were placed in a vacuum furnace 
(< 10
-6
 Torr). Two different growth conditions were employed for the Nb3Sn coatings: Processes A and B, 
Fig. 1. For process A, the furnace temperature was initially increased to 500 °C to create nucleation sites 
on the Nb surface, and concurrently, the Sn source was also heated to 500 °C. The temperature was then 
increased to 1100 °C to initiate the formation of the Nb3Sn phase. During the coating process, the Sn 
source was maintained at 1200 
°
C, so that sufficient Sn was continuously provided to the top surface of 
Nb3Sn. The tin then diffused into the Nb sample. The source contained 3.0 g Sn, which is more than the 
amount required for the desired film thickness of ~2 μm, and the Sn vapor was supplied during the entire 
coating process. In process B, the Nb3Sn coating was performed with both the Nb substrate and Sn source 
at  ~20 
o
C higher temperature, Fig. 1, achieved by placing the Nb substrates and Sn source close to 
heating source of the furnace. Other differences are that the source consisted of only 2.5 g Sn, so that 
together with the ~29% increase in Sn evaporation rate caused by elevating the temperature of the Sn 
source from 1200 to 1220 
o
C, all of the Sn source had evaporated by the middle of the coating process [8]. 
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Previous data on the evaporation rate of the Sn source suggest that under these conditions, Nb3Sn coatings 
may experience an annealing effect for 30 to 60 min without an external Sn supply. 
 
 
Figure 1. (a) SEM image of the surface of Nb3Sn coatings on Nb tilted from the optic axis of the electron 
beam by 52
o
; (b) HAADF-STEM cross-sectional image of a Nb3Sn coating on Nb; (c) Schematic of 
temperature profiles of the Sn source and Nb substrates (furnace) for Nb3Sn coatings on Nb employing 
processes A or B. For process B, the temperatures of the Sn source and Nb substrates are 20 
o
C higher 
than for process A. Also, for process B, the external Sn source is depleted 30 to 60 mins earlier, before the 
end of the coating period and therefore the Nb3Sn coatings experience some annealing.  
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The microstructural features of the Nb3Sn samples were systematically evaluated employing the 
correlative use of a scanning electron microscope (SEM), TEM, and APT. A thin TEM foil and an APT 
nanotip were prepared using a 600i Nanolab Helios focused ion-beam (FIB) microscope; the samples 
were sputter thinned with a 30 kV Ga
+
 ion-beam at 87 pA, and then slowly sputter thinned utilizing 5 kV 
Ga
+
 ions at 28 pA, to remove the radiation-damaged layers. HR-STEM imaging in conjunction with 
energy dispersive X-ray spectroscopy (EDS) were performed using an aberration-corrected JEOL ARM 
200. For APT analyses, a Cameca LEAP4000X Si and a LEAP5000XS were utilized. Nanotips were 
irradiated with 30 pJ ultraviolet laser pulses at a pulse repetition frequency of 250 to 500 kHz, with a 
detection rate of 0.5 to 1.0%. 3-D reconstructions and analyses were performed using Cameca’s analysis 
program, IVAS 3.8.1. 
 
2.2. Computational details 
The first-principles calculations utilized in this work employ the plane-wave pseudopotential total energy 
method as implemented in the Vienna ab initio simulation package (VASP). We used projector 
augmented wave (PAW) potentials and the generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) for exchange-correlation. Unless otherwise specified, all structures were fully relaxed 
with respect to volume, as well as to all cell-internal atomic coordinates. We carefully considered the 
convergence of results with respect to energy cutoff and k-points. A plane-wave basis set was employed 
with an energy cutoff of 600 eV to represent the Kohn-Sham wave functions. The summation over the 
Brillouin zone for the bulk structures was performed on a 12×12×12 Monkhorst-pack k-point mesh for all 
calculations. The magnetic spin-polarized method was applied in all the calculations. The lattice 
parameter of Nb3Sn was calculated to be 5.332 Å, which is in excellent agreement with experimental 
measurements of 5.289 Å [34]. The [12̅0] Nb3Sn GB structures were constructed using the interface 
builder in the MedeA package and were fully relaxed. The GB supercell had a total of 192 atoms, which 
contained two GBs.  
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3. Experimental results 
3.1.  TEM/APT analyses of Nb3Sn grain boundaries (GBs)  
Figs. 1(a,b) display SEM and HAADF-STEM images of typical ~ 2 μm thick Nb3Sn coatings on Nb, 
prepared by the vapor diffusion process. The Gibbsian interfacial excesses of solute and disorientations of 
thirty GBs detected in six Nb3Sn samples were characterized systematically using HR-STEM, EDS, APT, 
and transmission electron backscatter diffraction (EBSD). The five DOFs of a GB are: (i) rotation axis (c); 
rotation angle (θ)) about c; and the GB plane as given by n (unit normal to this plane). These five DOFs 
were determined for four [12̅0] tilt GBs among the thirty GBs observed to understand the effect of five 
DOFs on the amount of Sn segregation. The different levels of Sn segregation, 10 to 20 atoms/nm
2
, are 
summarized in Table S.1.  
The chemistry of the GBs was analyzed by APT and the results are displayed in Fig. 2. Three-
dimensional (3-D) reconstructions of the elements of one of the Nb3Sn samples (A5) prepared by process 
A is displayed in Fig. 2(a), which presents a GB along the vertical direction. Iso-concentration surfaces 
for Nb = 70 at.%, Sn = 30 at.%, and N = 0.3 at.% are included in the 3-D reconstructions of each element, 
which indicate GB segregations of Sn and N. A 1-D-concentration profile across the GB plane presented 
in Fig. 2(b), displays a maximum Sn concentration at a GB of 35 at.% and a Nb concentration of 65 at.%, 
which yield a value of  ГSn = 18.1 ± 1.7 atoms/nm
-2
 for the Gibbsian interfacial excess of Sn [35, 36]. The 
N concentration profile in Fig. 2(c) indicates that N also segregates at the same  GB with an interfacial 
excess of ГN = 1.6 ± 0.1 atoms/nm
2
. The width of the segregated region was estimated to be 3.0 ± 0.2 nm, 
where the width of Sn segregated region is defined by a full width of the Sn concentration profile 
assuming that the Sn concentration profile follows a Gaussian function. Additional correlative TEM-APT 
analyses were performed for the GB of another sample (A10) prepared by process A, Fig. S.1, with the 
GB plane located along the horizontal direction. In this case, the Gibbsian interfacial excess of Sn (ГSn) 
has the value 11.8 ± 0.8 and ГN is 0.3 ± 0.1 atoms/nm
2 
at the GB; these values are slightly smaller than 
those of the GB in sample A5. The width of the segregated region of sample A10 is 2.8 ± 0.2 nm.  
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Figure 2. (a) 3-D reconstructed Nb, Sn, and N atomic distribution maps. Iso-concentration surfaces of Nb 
(70 at.% Nb), Sn (30 at.% Sn), and N (0.3 at.% N) are added in the 3-D reconstructed maps of each 
element. (b) Concentration profiles across the GB plane displaying Sn segregation and Nb depletion. The 
measured width of the segregated zone is 3.0 ± 0.2 nm. (the segregated zone is defined as the full width of 
Sn segregation and Nb depletion); (c) N concentration profile across the GB. 
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HR-STEM imaging of selected [12̅0]-tilt GBs reveal the detailed atomic structure of the Nb3Sn GB. Fig. 
3 presents a representative high-angle [12̅0]-tilt GB in Nb3Sn. Owing to the orientation relationships 
(ORs) of the Nb3Sn/Nb heterophase interfaces, some Nb3Sn grains form [12̅0] tilt-GBs with different tilt 
angles [15]. The structures and chemistries of GBs in Nb3Sn coatings were analyzed by atomically-
resolved HR-STEM imaging and EDS mapping. HR-STEM images of the high-angle tilt GBs were 
recorded along the [12̅0] zone-axis, revealing the atomic structure of the tilt-GBs. In the high-angle GB 
(HAGB) of Fig. 3(a), Nb3Sn grains were disoriented by θ = 46.6
o
 about the [12̅0] zone-axis (c) and the 
unit normal vector (n) to the GB plane was determined to be (215). The coincident sites between two 
grains are marked by yellow dotted circles, which appear every three (210) planes of the GB, indicating a 
 = 3 coincidence site lattice (CSL). The filtered HR-STEM image of the HAGB in Fig. 3(b) reveals the 
structural unit at the core of the GB as indicated by the yellow pentagon shape [37, 38]. The HR-STEM 
image of the same GB with a GB plane, n = (211̅), which is 90o rotated from the previous GB plane, 
(215), is presented in Fig. S.2, and revealed a similar  = 3 structure.  
HR-STEM EDS measurements of Nb and Sn were performed through the plane of the GB, revealing that 
the Sn concentration was as high as 32 at.% Sn at the GB Fig 3(b), compared to ~25 at.% Sn within the 
grain. The Gibbsian interfacial excess (ГSn) was estimated to be 14.5 ± 2.3 atoms/nm
2
.  
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Figure 3. (a) Atomically resolved HR-STEM image of a high-angle (θ = 46.6o) [12̅0] tilt-GB in Nb3Sn 
where the normal to the GB plane is n = (215). Coincident sites at the GB are marked with yellow dotted 
circles in the magnified image. (b) Filtered HR-STEM image displaying a periodic array of structural units 
(core structures) in the cores of the HAGB. (c) EDS concentration profiles across the HAGB 
demonstrating that the maximum Sn concentration at the GB is ~32 at.% Sn, which is higher than in the 
matrix, 25 at.% Sn.  
 
3.2  Effect of grain-boundary (GB) structure on the segregation of Sn at a GB 
Additional [12̅0] tilt-GBs with different tilt angles (θ) were analyzed to investigate the correlation 
between GB structure and Sn excesses at GBs. For a low-angle grain boundary (LAGB), Fig. 4(a), the 
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HAADF-HRSTEM image of two Nb3Sn grains tilted by θ = 4.7
o
 about the [12̅0] axis (c) with the normal 
vector (n) to the GB plane being (001) . EDS measurements across the GB plane reveal a Sn excess  equal 
to ГSn =16.0 ± 6.4 atoms/nm
2
. Another [12̅0] tilt GB with θ = 17.6o is displayed in Fig. 4(b), for which 
ГSn =18.5 ± 7.8 atoms/nm
2 
as determined by an EDS measurement. It is noted the Gibbsian interfacial 
excess of Sn at GBs is similar for both the HAGB (14.5 ± 2.3 atoms/nm
2
) and LAGB (16.0 ± 6.4 
atoms/nm
2
), Figs 3 and 4. This implies that there is another factor that determines the level of GB 
segregation of Sn in addition the five macroscopic DOFs and their atomic structures. Tin segregation was 
analyzed systematically at additional GBs and the results are summarized in Fig. 4(c) and Table S.1. The 
disorientation angles and axes of the GBs were determined by HR-STEM or transmission EBSD [39-41], 
Fig. 4(c), and the chemistry was analyzed by HR-STEM EDS and APT. When the values for the Gibbsian 
interfacial excesses of Sn at the GBs (ГSn) are plotted as a function of the disorientation angle there isn’t a 
clear correlation between the disorientation angle of the two grains at a GB and the amount of Sn 
segregation. 
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Figure 4. Atomically resolved HR-STEM images of [12̅0] tilt GBs in Nb3Sn with different tilt angles (θ) 
and GB planes: (a) θ = 4.7o / n = (001) and (b) θ = 17.5o / n = (215). (c) Plot of the Gibbsian interfacial 
excess of Sn (ГSn) as a function of the disorientation angle of GBs. A transmission-EBSD map of a TEM 
sample is inset in the plot, which was used to identify disorientation angles of GBs. 
 
 
 
3.3. Effects of the Sn supply, and the temperatures of the Nb substrates and Sn source on Sn segregation 
at GBs 
Fig. 5 displays the change of the interfacial excess of Sn as a function of the Sn supply and the 
temperatures of the Nb substrates and Sn source. It is noted that the value of the net Sn flux is employed 
because there is no accurate method to measure the Sn supply. The net Sn flux can be estimated from the 
average Nb3Sn film thickness and the coating times, which reveals a qualitative trend of Sn segregation at 
the GBs that depends on the Sn supply. We investigated excess Sn at GBs prepared by two different 
processes: Process A, Sn and SnCl2 are co-deposited on Nb substrates at T = 1100 
o
C for 4 h with the Sn 
source at 1200 
o
C for the first 3 hours. The 3.0 g of Sn source is not all evaporated during Process A, and 
there is some residual Sn deposition during the last hour with the Sn source at 1100 
o
C; Process B, Nb3Sn 
samples are coated with slightly elevated temperature by 20 
o
C for both Nb substrates (T=1120 
o
C) for 4 
to 5 h and the Sn source (T=1220 
o
C) for the first 3 hours. It is noted that the 2.5 g of Sn source is all 
evaporated in the middle of the coating process due to the increased temperature by 20 
o
C leading to ~4 
times increase of Sn evaporation rate [8], therefore, annealing occurs without any flux from the Sn source.  
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Eight Nb3Sn samples were prepared by Process A with different film thicknesses (net Sn flux), which 
were analyzed by TEM. Tin excesses at the GBs were characterized utilizing EDS in the STEM mode for 
1 to 4 GBs per sample. Fig 5 presents the average values of Sn segregation at the GBs of each sample, 
indicating that the Sn excesses are correlated with the net-Sn flux. There was no Sn segregation observed 
at the GBs in the low net-Sn flux samples, but there was evidence of an increase in the medium net-Sn 
flux samples. The level of the Sn excess reached saturation at ~18 atoms/nm
2
, with a corresponding 
maximum of GB concentration of ~35 at% Sn.  
Three samples coated by Process B are displayed as red dots in Fig. 5 and the chemistry of 3 to 4 GBs 
were analyzed per sample utilizing STEM-EDS. Tin segregation wasn’t observed at GBs coated 
according to Process B. Tin depletion (or Nb segregation) was observed for some GBs. The causes for the 
differences in GB chemistry among samples produced by Processes A and B are discussed in Section 4.2.  
 
 
Figure 5. Gibbsian interfacial excesses of Sn at GBs in Nb3Sn films coated using  Processes A and B, 
which differ with respect to the Sn supply and the temperatures of the Nb substrates. For Processes A, 
Nb3Sn films were deposited on Nb substrates at 1100 
o
C with the Sn source at 1200 
o
C and the Sn vapor 
was supplied during entire coating process. For Process B, the temperature of both the Nb substrate and 
Sn source were increased by 20 
o
C during coating of the Nb3Sn films; there wasn’t a Sn supply for the last 
30-60 min of the process. Note that in this figure Sn seg. implies Sn segregation and Sn dep. implies Sn 
depletion. 
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3.4 Segregation energy for Sn at a GB in Nb3Sn 
The GB structural model of a symmetrical Nb3Sn 46.6
o
/[12̅0] tilt GB with the GB plane (211̅), Fig. S.2, 
was constructed for first-principles calculations and is displayed in Fig. 6(b). Two GBs are in the 
superlattice with a total of 192 atoms. The GB was fully relaxed and the GB internal energy, GB , can is 
determined using: 
3
( 2 ) / 2TOTGB GB Nb SnE E A          (1) 
Where 
TOT
GBE  is the total internal energy of the GB structure shown in Fig. 6, 3Nb SnE is the total internal 
energy of one side of the bulk Nb3Sn, and A is the area of the GB. The calculated GB internal energy at 0 
K is 536 mJ/m
2
. The calculations are performed for three different locations of an extra Sn atom: two 
locations at the GB with a large free volume (labeled as 1 and 2 in Fig. 6(b)) and one Nb atomic site in 
the bulk material to form an antisite (labeled as number 3 in Fig. 6(b)) point-defect. 
Considering the case with an excessive amount of Sn (>25 at. %), then there are two possible locations 
for a Sn atom, either in the Nb sublattice in the bulk (site 3, for example) or in GB sites (sites 1 or 2) with 
a large free-volume. The antisite substitutional energy of Sn can be calculated employing: 
( ) ( )TOT TOTantisite Sn Nb Nb GB SnE E E            (2) 
Where 
TOT
Sn NbE   is the total GB energy with a Sn antisite, and Nb  and Sn  are the chemical potentials for 
pure Nb and Sn atoms. The calculated Sn antisite energy is 0.635 eV/atom.  
The Sn occupation energy at the GB is calculated using:  
 in  in [ ( )] /
TOT TOT
Sn GB Sn GB GB SnE E E n           (3) 
Where  in 
TOT
Sn GBE  is the total GB energy with a Sn atom situated in a GB at site, 1 or 2, as displayed in Fig. 
6, and n is the number of Sn atoms located at the GB. The calculated Sn occupation energy at a GB is -
0.164 eV/atom at site 1 and -0.152 eV/atom at site 2. Tin occupation at a GB can stabilize the GB 
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structure by decreasing the total system’s energy at both the sites studied herein. Site 1 has slightly 
smaller occupation energy than site 2 due to having a 24% larger free volume space, Fig. 6. 
The driving force for excess Sn segregation from the bulk to a GB can be determined by calculating the 
segregation energy as follows: 
 in segregation Sn GB antisiteE E E            (4) 
The value of the segregation internal energy calculated at 0 K for our system is -0.799 eV/atom for site 1 
and -0.787 eV/atom for site 2 at the GB, which are quite close to one another. 
 
 
 
Figure 6. (a) Filtered atomic resolution HAADF-STEM image of a 46.6
o
/[12̅0]tilt-GB of Nb3Sn with the 
GB plane (211̅). (b) The [12̅0] GB structure model determined from first-principles calculations. Site 1 
or 2 is the Sn occupation site with a larger free volume space, Site 3 is an Sn antisite substitution in the 
Nb3Sn bulk. The GB structure was fully relaxed.  
 
 
4. Discussion 
4.1 Structure and chemistry of Nb3Sn GBs 
TEM and APT analyses of the atomic structure and chemistry of GBs in Nb3Sn demonstrate that the 
width of the Sn segregated zone at a GB is ~ 3 nm and the maximum Sn concentration is ~35 at.% (Figs. 
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2 and 3). As seen in Fig. 3(b), a periodic atomic array of structural units (core structures) in a GB are 
observed in HR-STEM images. A possible sign of chemical ordering is observed in a limited case as 
indicated by periodic bright contrast effects of coincident sites at the GB of Fig. 3(a). This implies that 
there is higher concentration of Sn in the atomic column at the core of the GB, agreeing with the current 
first-principle calculation results. There is, however, no clear evidence of chemical ordering or non-
equilibrium phases [42-45] at other GBs employing additional rigorous analyses using HR-STEM and we 
conclude that most of GBs form structurally sharp interfaces, Fig. 4. This implies that some of the excess 
Sn observed at the GBs exists in the structural units (cores) of the GB, in locations such as sites 1 or 2 in 
the GB model of Fig. 6(b), but rather that most of the excess Sn is located in Nb sublattices forming Sn 
antisites at a distance of ~3 nm on either side of the GB. An estimated 15 atoms/nm
2
 of Sn excess in ~3 
nm around a GB generates about one Sn antisite in every two unit cells of Nb3Sn. This results in a 
substantial increase in internal energy but probably not enough to overcome the nucleation barrier to 
transform to other phases.   
 
4.2 Origin of Sn segregation at GBs in Nb3Sn 
It is noteworthy that GB segregation in the vapor-diffused Nb3Sn is not correlated with the structures of 
the GBs represented by the five macroscopic and three microscopic DOFs. This is in strong contrast to the 
situations for an equilibrium state, where the interfacial excesses of solutes in alloys is determined by the 
structure of the GBs represented by the five macroscopic and three microscopic DOFs [23, 46]. LAGBs 
contain smaller dislocation densities than HAGBs, and therefore, in general, should exhibit smaller 
Gibbsian excesses of solute atoms [24]. We have, however,  observed no detectable differences in the 
amount of Sn segregation in LAGBs and HAGBs, (Figs. 3 and 4). The GB segregation behavior of 
Nb3Sn in the current study (especially for Process A) was observed in a non-equilibrium state, with a 
continuous supply of Sn vapor. Additionally, GB diffusion of Sn and Nb and interfacial reactions at the 
Nb3Sn/Nb interface continue until the end of the coating period in both processes. The effects of the 
ongoing kinetics on GB segregation in Nb3Sn films may dominate over that of GB structures (five 
 18 
macroscopic and three microscopic DOFs of a GB) during the vapor-diffusion process, which may 
explain the absence of a clear correlation between the amount of Sn segregation and the structures of GBs, 
within the detection limit of STEM-EDS and APT analyses. 
The key finding of the current research is that Sn segregation at a GB is highly correlated with, and can be 
controlled by, two factors: (i) Sn supply and (ii) the temperature of the Nb substrate and Sn source. The 
plot of Sn segregation versus Sn supply for Nb3Sn samples coated by Process A (Fig. 5) indicates that the 
reason for Sn segregation at GBs is related to short-circuit GB diffusion of Sn during the coating process. 
When Sn vapor is supplied to the surface of Nb3Sn, Sn atoms diffuse into the Nb substrate via GBs and 
form Nb3Sn grains by interfacial reactions, or into Sn-deficient Nb3Sn grains (less than 25 at.% Sn) to 
form stoichiometric Nb3Sn grains (25.0 at.% Sn). If the amount of the Sn supplied exceeds a certain value, 
interfacial reactions at Nb3Sn/Nb and diffusion of Sn into Nb3Sn may not be fast enough to consume all 
the supplied Sn. Above this critical amount, Sn segregation commences to appear at GBs.   
We note  that Sn segregation at GBs disappears for Nb3Sn films coated utilizing Process B, where the 
temperatures of Nb substrate (T = 1120 
o
C) and Sn sources (T=1220 
o
C) are higher than for Process A 
and no external Sn supply remains at the end of the coating process. Firstly, the elevated temperatures of 
the Nb substrate Sn source may increase the interfacial reaction rate between Nb and Sn at the Nb3Sn/Nb 
interface. Assuming the activation energy barrier of Nb3Sn growth is ~230 kJ/mole [47], then increasing 
the temperature from 1100 
o
C to 1120 
o
C will accelerate the growth rate of Nb3Sn by ~34%. This increase 
of the interfacial reaction rate at the Nb3Sn/Nb interface may therefore consume ~34% more Sn atoms at 
Nb3Sn/Nb interfaces, which may explain the absence of Sn segregation at the GBs.  
A more important difference from Process A is that in Process B there is no external Sn supply during the 
last 30 to 60 mins toward the end of the coating period. As a result, the Nb3Sn coatings are annealed at 
1120 
o
C for 30 to 60 mins and the segregated Sn atoms may have sufficient time to diffuse into the Nb 
substrate to form Nb3Sn. Variations of GB segregation in the presence or absence of an external vapor 
source, have also been reported for the Cu-Bi system [30] where segregation of Bi at GBs of Cu is 
induced by an external Bi vapor source and the amount of Bi segregation at a GB reaches a stationary-
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state. Once the external Bi vapor source is removed, the segregated Bi at the GBs commence becoming 
depleted, until an equilibrium Bi vapor pressure is established.  
In prior studies, it was demonstrated that GBs are the main paths for Sn diffusion to the Nb3Sn/Nb 
heterophase-interface and also the source of Sn for the growth of Nb3Sn grains at 600 to 800 
o
C for Nb3Sn 
wire applications [48, 49]. Our current results demonstrate that GB diffusion is still a primary path for the 
supply of Sn atoms to Nb3Sn/Nb heterophase interfaces for Nb3Sn growth even at 1100 
o
C, where Sn 
diffusion in the bulk Nb3Sn is significantly increased by three orders of magnitudes than at 800 
o
C. Sn 
diffusion in GBs at 1100 
o
C is increased by two orders of magnitude than at 800 
o
C. It is noteworthy that 
the amount of Sn segregation is almost the same along the depth of GBs from the top surface of Nb3Sn to 
the Nb3Sn/Nb heterophase interface, Fig. 7. This result indicates that GB diffusion of Sn so fast that there 
is not a concentration gradient along the GB[50]. Short-circuit diffusion of Sn along GBs (Dgb) is still 
faster by more than three orders of magnitude than bulk diffusion in Nb3Sn (Db) at 1100 
o
C; the estimated 
diffusion lengths of Sn in bulk Nb3Sn and in GBs at 1100 
o
C per 1 hour (√4𝐷𝑡) are ~200 nm and ~120 
μm, respectively [15, 51]. The root-mean square bulk diffusion distance of Sn at 1100 oC is larger than the 
GB diameter (ϭ = 3 nm) but much smaller than the grain diameter (d = 2 μm), implying that GB diffusion 
is still the primary path of Sn diffusion. Short-circuit diffusion of Sn along GBs in Nb3Sn, where there is 
solute diffusion into the grains, is classified as type-B diffusion, according to Harrison’s classification 
scheme, where ϭ<<√𝐷𝑡<<d [52, 53].  
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Figure 7. Gibbsian interfacial excesses of Sn along a Nb3Sn GB in the depth direction. The values of the 
Gibbsian interfacial excesses of Sn are, to first order, a constant along the GB from the surface (point 1) 
to the Nb substrate (point 4), indicative of fast Sn diffusion along the GB. That is, there is not a 
significant Sn concentration gradient along the GB. 
 
Our first-principles calculations demonstrated that GBs are favorable sites for excess Sn in Nb3Sn. As the 
formation energy of a Sn-antisite defect is high, 0.635 eV [15, 51], the Sn-antisites are likely to segregate 
at GBs to reduce the grain-boundary energy of Nb3Sn. As Sn-antisites move from the bulk to core GB 
sites (1 and 2 in Fig. 6(b)), the energy is reduced by ~0.8 eV/atom, which is the segregation energy of Sn 
at GBs. Excess Sn may first fill the core GB sites with large free volumes but since these sites are limited, 
it may then begin to occupy a Nb sublattice near the GBs within ~3 nm width. The segregation energy of 
a Sn atom in the Nb sublattice near GBs may be smaller than that at the cores (structural units) of a GB, 
since this segregated Sn is still located in the Nb sublattice similar to Sn antisites in bluk Nb3Sn. This 
reduction in segregation energy means that after filling the core GB sites, Sn segregation at GBs becomes 
more difficult and may explain the observation that saturation of Sn segregation occurs at 15~20 
atoms/nm
2
 even with a high Sn supply (Fig. 5). 
Another important factor that affects the segregation behavior at GBs in Nb3Sn is because Nb3Sn is an 
ordered alloy, where the segregation behavior of solutes has been reported to be affected by the 
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stoichiometry of the ordered intermetallic phase [28, 31-33, 54, 55]. For instance, Al-rich non-
stoichiometric Ni3Al reveals possible Al segregation at GBs and Ni-rich non-stoichiometric Ni3Al with 24 
at.% Al exhibits Al-depletion (or Ni-segregation) at GBs [31]. Similarly, Ni3Si with 23 at.% Si, GBs 
exhibit a Si concentration of ~16 ±2 at.%, which is Si-depleted [32]. For ordered alloys, the chemistry of 
the GBs is related to the formation of antisite defects in the interior of grains and their segregation at GBs 
to reduce GB energies. First-principles calculations demonstrate that excess Sn inside Nb3Sn grains has a 
high driving force for segregation at GBs, ~0.8 eV/atom. If the Sn concentration in Nb3Sn is <25 at.% Sn, 
Nb is the excess element and it forms Nb antisites in the Sn sublattice of Nb3Sn. The excess Nb may then 
segregate preferentially at GBs to reduce their energy. It is noted that the segregation energy of Nb at a 
GB might be smaller than that of Sn, because the formation energy of a Nb antisite (0.268eV) is smaller 
than that of the Sn antisite (0.637 eV). Interestingly, we also observed Nb segregation in some GBs, Fig. 
8(b), which may be partially related to the stoichiometry of Nb3Sn grains. 
 
4.3 Grain-boundary engineering for high-performance Nb3Sn SRF cavities. 
The width of Sn segregation at a GB (~3 nm) is comparable to the superconducting coherence length of 
Nb3Sn [2, 10, 20]. This suggests that Sn segregation at GBs can indeed possibly provide a path for 
magnetic flux penetration from the surface. Our research demonstrates that the chemistries of Nb3Sn GBs 
for the Sn vapor-diffusion process can be adjusted utilizing an optimized growth-process procedure. The 
GB engineering of Nb3Sn coatings provide a way to improve the superconducting properties of Nb3Sn 
SRF cavities [23] and this possibility was investigated in this section. 
One Nb3Sn sample was cut-out directly from a high-performance Nb3Sn cavity, Cornell cavity 2 (Fig. 
8(a)) [56] to investigate the correlation between Sn segregation at GBs and surface resistance. When GBs 
from a high-performance Nb3Sn cavity were analyzed by HR-STEM EDS and APT, there were no signs 
of Sn segregation, although a small amount of Sn depletion (or Nb segregation), of about 2-3 atoms/nm
2
, 
was observed at one GB, (Fig. 8(b)). This could indicate that GB segregation of Sn increases the surface 
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resistance in Nb3Sn cavities and it is possible that the smaller Sn segregation at GBs may mitigate the 
degradation of Nb3Sn cavity performances (Q-slope and quench of Nb3Sn cavities).  
Another Nb3Sn coated cavity, Fermilab Cavity 3, was prepared using Process B in an attempt to avoid Sn 
segregation. A witness sample was also coated together with Fermilab Cavity 3 by Process B to represent 
Nb3Sn films in a cavity. STEM-EDS analysis of the GBs of the witnessNb3Sn sample revealed a lack of 
Sn segregation at GBs. A Sn concentration profile through a GB is displayed in Fig. 8(c). Furthermore, 
Fermilab Cavity 3 demonstrated a high cavity performance, with a minimal Q-slope in the gradient range 
up to 15 MV/m, which supports a correlation between Sn segregation at GBs and degradation of cavity 
performance.  
Alternatively, Fermilab cavities 1 and 2, which experience degradation of the Q-factor around ~8 MV/m, 
do exhibit Sn segregation at GBs (numbers 1 and 2 in Fig. 5). The Sn excesses at the GBs were 
equivalent to 13.9 ± 1.8 and 12.3 ± 6.6 atoms/nm
2 
for samples 1 and 2, respectively. Our present results 
suggest that it is reasonable to postulate a correlation between Sn segregation at GBs of Nb3Sn and the 
appearance of Q-slope or quench in a Nb3Sn cavity. It is challenging to isolate the effect of GBs on the 
SRF cavity performance from other factors, such as Sn-deficient grains, surface roughness, and surface 
chemistry, and this will require further investigation. Theoretical evaluations on the correlation between 
Sn segregation at GBs and superconducting properties using a time-dependent Ginsburg-Landau model is 
ongoing [57]. Our current results provide a way to control the detailed chemistry of GBs of Nb3Sn for use 
in SRF cavity applications.  
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Figure 8. (a) Quality (Q0) factor versus accelerating electric field (Eacc) curves of Nb3Sn SRF cavities 
measured at 4.4K. (b) and (c): Tin concentration profiles across GBs for a high-performance Nb3Sn SRF 
cavities measured by STEM-EDS: (b) Cornell cavity 2 and (c) Fermilab Cavity 3. It is noted that the 
high-performance cavities, Cornell Cavity 2 and Fermilab Cavity 3 reveal no Sn segregation at GBs.  
 
5. Conclusions 
This article describes the use of atom-probe tomography (APT), high-resolution scanning transmission 
electron microscopy (HR-STEM), and first-principles calculations, to perform systematic analyses of the 
chemistry and structure of grain boundaries (GBs) in Nb3Sn for superconducting radiofrequency (SRF) 
 24 
applications. Our results indicate a series of relationships among the growth kinetics, GB chemistry and 
Nb3Sn SRF cavity performance. 
 APT analyses reveal that Sn segregation at GBs is observed up to 10 to 20 atoms/nm2 within a ~3 
nm width and a Sn concentration of up to 35 at.% Sn. HR-STEM analyses of Nb3Sn GBs indicate 
that the excess Sn at GBs exists as Sn antisite defects, that is, on Nb sites.  
 The chemistry of the GBs is correlated with two factors: (1) Sn supply and (2) the temperatures of 
the Nb-substrate and Sn-source. These parameters may affect Sn diffusion along GBs and 
interfacial reactions at Nb3Sn/Nb interfaces, which in turn determines the chemistry of the GB. 
 First-principles calculations demonstrate that excess Sn in Nb3Sn segregates preferentially at GBs 
due to the high formation energy of Sn-antisites in bulk Nb3Sn (0.635 eV).  
 A Nb3Sn coupon cut directly from a high-performing Nb3Sn cavity doesn’t reveal clear signs of 
Sn segregation within the detection limit of APT and STEM-EDS.  
 Sn segregation at GBs of Nb3Sn could be significantly reduced by controlling the growth process. 
Selection of the optimum process may facilitate the fabrication of high-performance Nb3Sn 
cavities. Our results may therefore help to direct the fabrication of high-quality Nb3Sn coatings 
for SRF cavity applications. 
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Table S1. Summary of Gibbsian interfacial excesses (Гi) and the five degrees of freedom (DOF) of 
selected [12̅0] tilt GBs. 
 
 
Number ГSn 
(atoms/nm
2
) 
Five DOFs Methods 
Disorientation 
(c, θ) 
GB 
plane (n) 
GB1-1  
14.5 ± 2.3 
 [12̅0], 46.6o (215) HR-STEM / EDS 
GB1-2 [12̅0], 46.6o (211̅) HR-STEM / EDS 
GB2 16.0 ± 6.4  [12̅0], 4.7o (001) HR-STEM / EDS 
GB3 14.6 ± 1.5  [12̅0], 30.0o (212) HR-STEM / EDS 
GB4 18.5 ± 7.8 [12̅0], 17.5o (215) HR-STEM / EDS 
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Figure S.1 (a) BF-TEM image of a nanotip of Nb3Sn for the APT experiment and corresponding 3-D 
reconstruction of Nb, Sn, and N atoms. (b) 1-D concentration profiles across a GB of Nb, Sn, and N 
display segregation of Sn and N at the GB.  
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Figure S.2 Filtered high-resolution HAADF-STEM image of a high-angle (46.6
o
) [12̅0] tilt GB of Nb3Sn 
with a different GB plane of n = (211̅). 
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